In the rodent's brain the theta (5-12 Hz) and gamma (30-120 Hz) oscillations can be readily detected in local field potential (LFP) recordings, but there is no universal consensus about an objective threshold for their detection.
Methods
Electrical oscillations in the brain emerge from the multitude of membrane and synaptic conductances occurring simultaneously in a group of neurons. These rhythms provide critical timing mechanisms and allow the temporary neuronal groupings into functional cell assemblies [1] [2] . The oscillations have been divided based on their frequencies into numerous bands which, with small deviations, overlap in several species. Of these, the theta (5-12 Hz) and gamma (30-120 Hz) oscillations have been shown to have specific "binding" properties, i.e., to create a reference signals for neuronal firing within a population, or to form temporary functional associations of nerve cells important for a variety of behavioral and cognitive tasks [1] [2].
The general method to detect oscillatory activity is to band-pass filter the electrical signal termed the local field potential (LFP) generated by the combined membrane potential changes in hundreds or thousands of neighboring neurons summed with volume conducted potentials from regions further away from the recording site [3] . The band-pass filtered recording's power (root mean squared, RMS) value is calculated over time that is then taken as the determining factor in calculation the magnitude of the oscillatory event in the given frequency range [4] . It has been customary to take the ratio of the powers in two frequency bands, e.g., theta power/delta power as the threshold for the presence of theta frequency oscillations [4] . However, there has never been an objectively determined threshold for the theta/delta ratio that should constitute the "gold standard" for the detection of theta oscillations.
The ratio of oscillatory power in the θ and δ frequency bands is an accepted parameter to identify segments with θ oscillations [4] . We measured this ratio over long duration hippocampal LFP recordings in mice. Plot of the Theta RMS/ Delta RMS (T/D) over a 12 hours recording period (Fig. 1) .To detect Delta RMS, the signal was band pass filtered between 1-4 Hz. On the right side of the graph, the histogram of the distribution is plotted. Note that very few values are > 1.2, and based on the shape of the distribution, it would be difficult to derive an objective threshold value for a ratio that would identify significant activity in the θ frequency range.
Therefore, we have sought to develop an approach for the objective thresholding of theta and gamma frequency oscillations based on the distribution of the RMS values of the band-passed intrahippocampal LFP signals during continuous 12 hrs long recordings in mice.
A. Chronic recordings
Seven to ten days after the animals had fully recovered from the surgery, chronic simultaneous video and local field potential recordings were carried out continuously (24 hrs a day) for 1-8 weeks as previously described [6] .
LFPs were recorded with a custom-made miniature dual headstage amplifier connected to the electrode sockets mounted on the animal's head and then wired to an electrical commutator (Dragonfly Inc.). The signals from the commutator were fed through a 16-channel amplifier (A-M Systems model 3500) with a gain of 1,000. Signals were low-pass filtered at 300 Hz and sampled at 2,048Hz per channel, using a National Instruments A/D board.
Continuous data acquisition was carried out using Igor NIDAQ tool (Wavemetrics, Lake Oswego, OR, USA).
B. Surgery
Surgeries were performed under aseptic conditions on mice weighing 25-30 g under isoflurane anesthesia (2-2.5% in O2 alone) as previously described [6] .
Electrodes were implanted bilaterally into the hilus of the dentate gyrus or str, oriens of the CA1 region.
C. Animals
In this study we used adult (15-20 week-old) female and male C57BL/6J mice, WT (Cre-/-) or mice lacking δ-GABAARs specifically on PV-INs (PV-Gabrd-/-), generated by crossing PV-Cre (PV-IRES-Cre line; JAX Stock # 008069) and Gabrd-flox mice (generous gift of Dr. Jamie Maguire, Tufts University) [7] both back-crossed for>10 generations on C57BL/6J background. The δ-GABAARs ablation from PV-IN was confirmed with immunohistochemical fluorescent double labeling [8] .
Mice were housed with ad libitum access to food and water and kept on a 12-hour light/dark cycle (6 AM to 6PM), under the care of the UCLA Division of Laboratory Animal Medicine (DLAM) or in the recording cages during continuous recordings. All experiments were performed during the light period and according to a protocol approved by the UCLA Chancellor's Animal Research Committee. Genotyping was performed by Transnetyx (Memphis, TN).
D. Data Analysis
All data analyses were carried out using custom written procedures in IgorPro 6.37 using its built-in functions for RMS measurement, FIR filtering, etc.
Detection of theta and gamma epochs
We recorded the LFP at 2048 Hz sampling rate in adult mice freely moving in their home cages. For each 12 hrs of recordings were down-sampled (DS) 32 times and 8 times for detection of theta and gamma oscillations, respectively. Using Igor Pro, the DS traces were band-pass filtered with a FIR filter between 5-12 Hz for theta (Fig. 2) , and 30-120 Hz for gamma (Fig. 2) oscillations. Filtering was done with a FIR filter with 4001 coefficients. From the filtered recordings the RMS values were detected in moving windows of 8 s with 4 s overlaps. The RMS values in the windows were plotted as histograms, to which two Gaussian distributions could be fitted, using Igor's CurveFit command. The RMS threshold was taken at the intersection of the two fitted Gaussians where the probabilities of belonging to one or the other are equal.
If the value of D, where
the distributions can be considered bimodal [5] . After testing various thresholds, the point of intersection between the two distributions proved to be most reliable for separating the RMS values belonging to the two Gaussians [9] . This threshold was used as an objective value to detect theta and gamma epochs. In Fig. 3 the theta RMS histogram, and the two component normal distributions are presented (theta RMS vs bins). The theta threshold is 0.089117. Thus, theta and gamma oscillatory epochs were identified when RMS values in the epochs were larger than this objective threshold. The presence or absence of theta or gamma oscillations were registered in a binary file with "0" for no oscillations and "1" when oscillations were present.
Theta RMS versus the theta threshold, and the generated binary file are presented in Fig. 5 . The θ band filtered trace (red) is also shown. Thus, the recordings could be further categorized during the 12 hrs of dark (D) and light (L) periods into 4 different types (Fig. 6) : θ/γ, θ/nγ, nθ/γ, and nθ/nγ ("n" indicates "no", i.e., below threshold θ or γ RMS). The logical rule for the four categories are:
 
Conclusion
After testing various thresholds we have devised a method based on an objective thresholding for the detection of theta and gamma oscillations in longterm LFP recordings from the hippocampi of mice. The point of intersection between the two fitted normal distributions proved to be most reliable for separating the RMS values belonging to the two Gaussians.
We applied the here presented method on control, epileptic and Alzheimer disease model animals, for more than 3000 hours of monitoring.
We have gained important insights into altered brain oscillations during pathological conditions.
